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We derive the strongest constraint on the fraction of dark matter that can be composed of low
mass primordial black holes by using the observation of the Galactic Center 511 keV gamma-ray line.
Primordial black holes of masses . 1015 kg will evaporate to produce e± pairs. The positrons will
lose energy in the Galactic Center, become non-relativistic, and then annihilate with the ambient
electrons. We derive robust and conservative bounds by assuming that the rate of positron injection
via primordial black hole evaporation is less than what is required to explain the SPI/ INTEGRAL
observation of the Galactic Center 511 keV gamma-ray line. Depending on the primordial black
hole mass function and other astrophysical uncertainties, these constraints are the most stringent
in the literature and show that primordial black holes contribute to less than 1% of the dark matter
density. Our technique also probes part of the mass range which was completely unconstrained by
previous studies.
I. INTRODUCTION
Is it possible to constrain the primordial black hole
(PBH) density such that it cannot contribute to the en-
tire dark matter density over its viable mass range? An-
swering this question will have important implications for
the search of the identity of dark matter and inflationary
dynamics which can give rise to PBHs [1–6]. In this work,
we take one step towards answering this question. We
show that combining the observation that light PBHs can
produce e± pairs via evaporation [7] with the fact that an
intense 511 keV gamma-ray line has been observed in the
Galactic Center [8–15] can efficiently constrain PBHs in a
mass range which cannot yet be constrained by any other
technique. Our technique is robust because the morphol-
ogy of the 511 keV gamma-ray line does not permit a
dark matter explanation [16, 17]. We do not yet know
the source of these low-energy astrophysical positrons,
therefore an understanding of the underlying astrophysi-
cal source(s) [18, 19] can further improve our constraints.
The identity of dark matter is one of the most enduring
mysteries of physics. Numerous astrophysical and cosmo-
logical observations give an irrefutable indication of the
presence of dark matter, yet an absence of its microphysi-
cal understanding drives a great deal of research. A large
number of dark matter candidates have been proposed in
the literature and these range in masses from ∼ 10−22 eV
to a few hundred M. PBHs are one of the oldest can-
didates of dark matter and their abundance have been
studied in a number of ways. The various constraints on
PBHs arise from evaporation (and subsequent detection
of Standard Model particles), capture on astronomical
bodies, lensing observations, dynamics of galaxies, grav-
itational wave observations, and accretion [22–45]. The
recent detection of gravitational waves from binary black
hole mergers [46, 47] have rekindled an interest in the
contribution of primordial black holes to the dark matter
energy density [48–50]. This has led to detailed reanalysis
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FIG. 1. Upper limits on the fraction of dark matter which
can be composed of primordial black holes for monochromatic
mass distribution. The black lines show the limits derived in
this work. These limits depend on the dark matter density
near the Galactic Center (NFW and isothermal) and the prop-
agation of low-energy positrons. While deriving the limit for
the “3 kpc” (“1.5 kpc”) constraint, we assume that low-energy
positrons can travel about a kpc (100 pc) before annihilating.
The upper limits from Voyager 1 (two lines denote the prop-
agation and background uncertainties) [7], Planck [20], and
gamma-ray observatories [21] are shown by red dotted lines.
of older constraints [22, 42, 43, 51] and research into new
ways to constrain primordial black holes (for e.g., lensing
of fast radio bursts [52, 53]). A detailed study of older
constraints have shown that there are viable regions of
parameter space where primordial black holes can satisfy
the entire dark matter density [22, 54]. Ref. [7] pointed
ar
X
iv
:1
90
6.
09
99
4v
1 
 [a
str
o-
ph
.H
E]
  2
4 J
un
 20
19
2out that PBHs with masses . 1014 kg can produce e±
pairs via Hawking radiation and such a process can be
constrained via the observations of the Voyager 1 satel-
lite [55, 56]. This naturally leads us to wonder about the
fate of e± pairs produced via PBH evaporation in the
Galactic Center. PBHs are much more numerous in the
Galactic Center compared to the Solar circle (where the
Voyager 1 observations were made) and thus a stronger
bound can be expected if there is an appropriate observ-
able. Thus, we are led to the question: is there an ob-
servable in the Galactic Center which points to the fact
that e± pairs are copiously present there?
The answer is yes. There is a smoking gun signature
which indicates that there is a huge reservoir of low-
energy positrons near the Galactic Center. For many
decades, an enduring astrophysical mystery is the obser-
vation of 511 keV gamma-ray line at the Galactic Center
(see Ref. [11] for a historical account). This gamma-ray
line has been observed by a number of observatories and
a detailed study has been made by the SPI/ INTEGRAL
observatory. Despite the intense scrutiny of this signal,
we do not yet know the origin of this signal. Many viable
astrophysical models (i.e., models which do not require a
dark matter origin of the 511 keV signal) have been pro-
posed [19, 57–62], although none are confirmed to be the
source of these low energy positrons. A detailed morpho-
logical study of this signal and its absence in the dwarf
galaxies [63] indicate that this it is not produced via dark
matter interactions [64]. Thus, any exotic model (present
in the Galactic Center/ Galactic bulge) which produces
low-energy positrons can be constrained via this observa-
tion. The fact that low mass PBHs can produce positrons
in large quantities lead us to expect that this observation
can be a stringent constraint on the PBH abundance.
The upper limits on the PBH density assuming a
monochromatic mass function derived in this work are
shown in Fig. 1 by the black solid and dashed lines. Var-
ious black lines indicate the dependence of this upper
limit on the underlying astrophysical parameters. Our
derived limits depend on the dark matter profile at the
Galactic Center. We use an NFW profile and an isother-
mal profile to indicate the possible variation of the upper
limit. Low-energy positrons with energies ∼ O(MeV),
typically travel a small distance (∼ few hundred parsecs)
from the source before annihilation. However, there are
scenarios in which they can possibly travel via advection
to about a kpc [11, 62]. Thus, we take two different sizes
of the region from which we derive our constraints: 1.5
kpc and 3 kpc. Our constraints are derived by simply
assuming that the positrons from PBHs do not overpro-
duce the positron injection luminosity [62]. As such, our
derived constraints are maximally conservative and ro-
bust. A part of this parameter space is already probed
by gamma-ray observations, CMB observations, and Voy-
ager 1 measurements. Our constraints are stronger than
these and probe a new mass range of PBHs. Our con-
straints close a part of a mass window where PBHs could
have contributed to the entire dark matter energy density
of the Universe. Our technique introduces a new electro-
magnetic probe of PBHs beyond what has already been
discussed in the literature [65].
II. FORMALISM
In natural units, the temperature of a black hole of
mass MBH is [66, 67]
TBH =
1
8piGNMBH
= 1.06
(
1010 kg
MBH
)
GeV , (1)
where GN denotes Newton’s gravitational constant. The
temperature of the black hole also dictates the rate at
which particles are produced via evaporation. The energy
spectrum of these particles follow the distribution [68]
dNe
dE
=
Γs
2pi
∫
dt
1
exp(E/TBH)− (−1)2s , (2)
where the dimensionless absorption probability is de-
noted by Γs, s denotes the particle spin, and E denotes
the energy of the emitted particle [68]. Since a black hole
loses mass via evaporation, TBH is a function of time. In
our calculation, we will use the observed positron injec-
tion luminosity over one year and the mass loss during
this time is negligible for the black hole masses that we
consider. As such, TBH will be a constant for a given
black hole mass in our work.
The Galactic Center 511 keV gamma-ray line has been
observed for a few decades and its origin has remained
unknown throughout. Recent attempts at measuring the
Doppler shifts have also not led to the identification of
the source [10] (note that a similar search technique has
also been proposed for the 3.5 keV line [69, 70]). The
observed flux of this gamma-ray line indicates that the
rate of positron annihilation at the Galactic Center is ∼
1050 per year [62]. In order to respect the constraints due
to the continuum gamma-ray emission measurement, the
positrons must be injected at an energy . 3 MeV [71].
The constraint on the dark matter fraction of PBHs
can be easily calculated in the following way. We first
assume that all PBHs have a common mass, i.e., they
follow a monochromatic mass distribution. The number
of e± pairs injected per unit time, per unit energy, and
per unit volume is given by [7]
Q(E, r) =
ρDM(r)
MPBH
dNe
dEdt
, (3)
where ρDM(r) denotes the dark matter density as a func-
tion of the distance from the Galactic Center, r. The
mass of the PBH is denoted by MPBH. In this situation,
the upper limit on the fraction of dark matter in the form
of PBHs is
fDM .
1050∫
dV ρDM(r)
MPBH
∫
dE
dNe
dt dE
× 1 year
, (4)
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FIG. 2. Upper limits on the fraction of dark matter which can be composed of primordial black holes for extended mass
distribution. Left panel: We use the log-normal mass distribution with four choices of σ = 0.1, 0.5, 1, and 2. The constraints
from the Voyager 1 observation is shown in dotted red line. When σ = 2, Voyager 1 excludes the entire parameter space shown
in the figure. Our limits are shown by the black line. The solid (dashed) black line corresponds to the “NFW 3 kpc” (“Iso 1.5
kpc”) assumption. Right panel: We use the power law mass distribution with two different values of the index, γ = ± 1 and
Mmin = 4 × 1011 kg.
where dV denotes a differential volume element in our
galaxy and we use the positron injection luminosity cri-
teria to derive our limits [62]. Note that we simply re-
quire that the positron injection luminosity is less than
what is measured by SPI/ INTEGRAL. This is the most
conservative option; if we had assumed the contribution
of some astrophysical source(s) to this gamma-ray ob-
servation, then the upper limit on the positron injection
luminosity would have been much lower. The flux of this
line in the bulge and the central source of our Galaxy
is (0.96 ± 0.07) × 10−3 photons cm−2 s−1 and (0.08 ±
0.02) × 10−3 photons cm−2 s−1 respectively [61]. Thus,
our limits can be improved by more than an order of
magnitude if one identifies the class(es) of astrophysical
source(s) which is contributing to this emission in the
Galactic bulge. We note that Ref. [72] tried to explain
the entire emission due to PBH evaporation.
One source of uncertainty to the upper limit presented
in this work is the dark matter density profile near the
Galactic Center. We bracket this source of uncertainty by
assuming two different dark matter profiles: NFW and
isothermal. Due to the cusp present in the NFW pro-
file, the constraints derived using this input is stronger.
More concretely, we use the form of the dark matter pro-
files used in Ref. [73]. An additional uncertainty arises
from the positron propagation distance in the Galactic
Center. The extent of the bulge component of the 511
keV gamma-ray emission is . 1.5 kpc from the Galactic
Center [62]. Non-relativistic positrons can travel a small
distance (few hundred parsecs) before annihilation, thus
we assume the number of PBHs within 1.5 kpc in order to
derive our upper limits. However, a clear understanding
of positron propagation in the Galactic Center region is
still lacking, and there are scenarios via which positrons
can be advected upto a distance of ∼ 1 kpc [18]. In order
to include this propagation uncertainty, we also assume
the total number of PBHs within a 3 kpc radius of the
Galactic Center to derive our upper limits. Our calcula-
tions find that the strongest (weakest) upper limits are
derived when assuming an NFW (isothermal) profile and
including all the PBHs within a 3 kpc (1.5 kpc) radius
of the Galactic Center. These cases bracket the uncer-
tainties due to the dark matter halo and positron prop-
agation. For all the cases that we consider, our main
conclusions remain true: our limits are more stringent
than existing bounds and probe part of the mass range
where PBH density was completely unconstrained from
previous studies. The upper limit of the energy inte-
gral in Eqn. 4 is determined by the diffuse gamma-ray
data which is produced due to inflight annihilation of
positrons. Following Ref. [71], we take this upper limit
to be 3 MeV. Since the overwhelming majority of the
positrons come to rest before undergoing annihilation,
we take the lower limit of the energy integral to be the
positron mass.
Various inflationary models also predict an extended
mass distribution of PBHs [5, 74–79]. It is important to
study these models in detail as the possibility of whether
PBHs contribute significantly to the dark matter den-
sity depend substantially on the underlying mass distri-
4bution [54, 80–83]. Traditionally, the limits on the PBH
density were presented only for monochromatic mass dis-
tributions, however, there has been recent interest into
converting these limits for various extended mass distri-
butions of PBHs. We consider two different classes of
extended mass distributions: a log-normal distribution
and a power law mass distribution. A log-normal mass
distribution (with µ and σ denoting the mean and the
standard deviation of the logarithm of the mass distribu-
tion respectively) is defined as
dΦPBH
dMPBH
=
e
−
ln2 (MPBH/µ)
2σ2
2piσMPBH
. (5)
A power law mass distribution is parametrised by the
power law index, γ, the maximum, Mmax, and the mini-
mum value, Mmin of the mass distribution:
dΦPBH
dMPBH
=
γ
Mγmax −Mγmin
1
MγPBH
, (6)
for MPBH ∈ [Mmin,Mmax] and γ 6= 0. In order to derive
the limits for these extended mass distributions, we con-
volve the denominator in Eqn. 4 with the extended mass
distribution:
fDM .
1050/(1 year)∫
dMPBH
dΦPBH
dMPBH
∫
dV ρDM(r)
MPBH
∫
dE
dNe
dt dE
.(7)
III. RESULTS
The results of our work is shown in Figs. 1 and 2 for
the monochromatic mass function and the extended mass
function respectively. The upper limits for the monochro-
matic mass function is shown for two different dark mat-
ter profiles and for two different sizes of the spherical
region which hosts the PBHs. These bracket the uncer-
tainty due to the dark matter profile and positron prop-
agation. The other constraints shown in the paper are
from the observations of Voyager 1 [7], cosmic microwave
background [20], and gamma-rays [21]. The constraints
from the Galactic gamma-ray background and the cos-
mic microwave background is relatively robust with re-
spect to the underlying parameters. The constraints us-
ing the Voyager 1 observations are dependent on the
background modeling and cosmic ray propagation uncer-
tainties. However, even the least stringent bound from
Voyager 1 observations is most constraining at low PBH
masses. Depending on the underlying astrophysical pa-
rameters, our constraints are the strongest in the mass
range ∼ 1013 kg to ∼ 1014 kg and probe completely new
parameter space.
We also show our derived upper limits for the log-
normal mass distribution of PBHs in the left panel of
Fig. 2. In order to compare our results with the Voyager
1 observations, we use the same values of the log normal
mass distribution. When σ = 0.1, our derived constraints
are stronger than those derived in Ref. [7] for µ & (1 –
2) × 1013 kg. When σ = 0.5, our derived constraints are
stronger than those derived in Ref. [7] for µ & (2 – 4) ×
1013 kg. When σ = 1, our derived constraints are better
than in Ref. [7] only for the NFW 3 kpc case for µ & 1014
kg. The constraints derived in Ref. [7] is better than our
constraints in the entire parameter space when σ = 2.
This illustrates the complementarity of our constraints
with that using the Voyager 1 observations. Even for the
log-normal mass distribution, we find that our technique
probes new parts of the parameter space.
Our derived upper limits for the power law distribution
is shown in the right panel of Fig. 2. We assume γ = ± 1
for the two cases that we consider. We assume Mmin =
4 × 1011 kg and vary Mmax to derive our upper limits.
Depending on the dark matter profile and the volume
under consideration, the upper limits on fDM are less
than 10% when Mmax varies between 10
12 kg to 1014 kg.
In this case, we do not show the limits from the Voyager
1 observations as these were not presented in Ref. [7].
IV. CONCLUSIONS
The direct detection of gravitational waves have
started vigorous activities in the field of gravitational
wave astroparticle physics. These observations have
prompted many new ideas like searches of long range
forces in the dark sector and many other novel research
directions in this nascent field [84]. This discovery has
also led to renewed interest in PBHs as dark matter can-
didate. Remarkably, it has been pointed out by several
authors that there are regions of the parameter space
where PBHs can contribute to the entire dark matter
energy density of the Universe. This remarkable result
calls for research into new techniques to probe PBHs in
these unconstrained regions. In this work, we introduce
such a technique which can probe a region of parameter
space which cannot be probed by any other observation.
We combine the theoretical insight that low mass PBHs
evaporate to produce e± pairs with the SPI/ INTEGRAL
observations of the Galactic Center 511 keV gamma-ray
line to present the strongest constraint on the PBH den-
sity over a wide range in the PBH masses. In order to
present the most conservative upper limit, we simply re-
quire that the positron injection luminosity due to PBH
evaporation does not exceed that observed to explain the
gamma-ray line observation. Our constraints depend on
the dark matter density and the propagation distance
of low-energy positrons near the Galactic Center. Con-
sidering all kinds of astrophysical uncertainties, we find
that our constraints are the most stringent over a wide
range in the PBH masses and probes new part of the pa-
rameter space. A detailed modelling and identification
of the astrophysical source(s) responsible for the 511 keV
gamma-ray emission can further improve our constraints
by more than an order of magnitude.
5Note: Ref. [85], studying a similar topic, appeared in
arXiv while this work was in preparation.
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